The anti-malarial lumefantrine was characterized in the solid as well as the solution state. The solid state analysis was carried out by single crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), DSC, TG-DTG and ATR-IR. The single crystal structure of lumefantrine has been solved. The structure is stabilized via inter-as well as intra-C-H…Cl interactions, intra hydrogen bonding O-H…N interactions and C-H…O weak interactions. The Hirshfeld surface intermolecular interactions have been studied using the crystal structure. Solution structure analyses have been done by NMR, COSY/NOESY, HSQC and mass spectrometry. The thermal properties were studied by solid-state differential scanning calorimetry and thermogravimetric analysis of the drug under nitrogen as well as in air.
Introduction
Malaria is a parasitic disease in humans, with transmission occurring in countries with a combined population of c. three billion people. It causes thousands of deaths each year. 1 The disease is caused by protozoan parasites of the genus Plasmodium. This malarial parasite depends on both mosquitoes and humans for its cycle. At the same time, growing levels of drug resistance have resulted in significant mortality worldwide and much evidence has emerged on the resistance of Plasmodium falciparum to many antimalarial agents. 2 Improving access to effective anti-malarial treatment is very important. In Africa and Asia, where the disease is most prevalent, limited health care infrastructure complicates efforts to predict clinical demand. As a result the combination of lumefantrine and artemether (Coartem and Riamet, Falcynate-LF) was developed as a fixeddose combination therapy (ACT) for the treatment of acute uncomplicated 'Plasmodium falciparum malaria'. The combination is a potent, synergistically active and well-tolerated malaria treatment, powerful towards areas of multi-drug resistance. [3] [4] [5] Both the individual drugs were developed in China. Lumefantrine (benflumetol or CGP 56695) is purely synthetic and was synthesized in the 1970s by the Academy of Military Medical Sciences, in Beijing. It was registered in China for anti-malarial use in 1987. The World Health Organization's (WHO) prequalified 'Coartem' in 2001 as a fixed dose combination therapy for efficacy, safety and quality. From 2002, this medication was adopted by the WHO and UN agencies. 6, 7 Coartem is approved by the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA).
The oral drugs have a shelf life of only two years. 8 Much work is in progress to improve shelf life, novel drug release, and delivery systems. For these purposes, a molecular level study is necessary. In the present research we report the molecular level structural investigation, as well as the thermal decomposition of lumefantrine using single crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), NMR, 2D NMR,DSC, TG-DTG and an ATR-IR study.
Experimental

Materials
The reagents and solvents were obtained from commercial sources in analytical grade. They were used without further purification. The melting point was recorded on an Ernst Leitz Wetzlar hot-stage microscope. It is uncorrected. Suitable crystals for X-ray diffraction were obtained at room temperature by slow evaporation using a mixture of dichloromethane and ethyl acetate.
Methods
X-ray Diffraction Studies
The crystal evaluation and data collection were done on a Bruker KAPPA APEXII DUO diffractometer using graphitemonochromated Mo Kα radiation (λ = 0.71073 Å) at 173(2)K. The reflections were successfully indexed by an automated indexing routine built into the APEXII program suite. 9 The program SAINT+ was used for data reduction. 10 The data were scaled and absorption correction performed using SADABS. The structure was solved by direct methods using SHELXS and refined by the full-matrix least-squares method based on F 2 using SHELXL-97. 11 Non-H atoms were first refined anisotropically. The program Olex2 was used to prepare molecular graphic images. 12 All H atoms, except H1, were placed in idealized positions and refined in riding models with U iso assigned to 1.2 or 1.5 times the values of their parent atoms and constraint distances of C-H ranging from 0.95 Å to 1.00 Å. The hydrogen H1 was located in the electron difference maps and refined with the simple bond constraint d(O1-H1) = 0.970(5) Å.
The PXRD pattern of the powder samples was obtained at room temperature using a Bruker D8 Advance diffractometer with Cu Kα radiation (1.54 nm), at 40 kV and 40 mA. Accurately weighed 300 mg of powder was loaded in a 25 mm poly-methyl methacrylate (PMMA) holder and gently pressed using a clean glass slide to ensure coplanarity of the powder surface with the RESEARCH ARTICLE P.B. Pansuriya, G.E.M. Maguire and H.B. Friedrich, 253 S. Afr. J. Chem., 2019, 72, 253-262, <https://journals.co.za/content/journal/chem/>. surface of the holder. The diffractogram was obtained in continuous mode, step size = 0.01°and step time = 0.5 s over the 2θ angular range of 15-90 °.
NMR Spectroscopy
1 H NMR, 13 C NMR, NOESY, HSQC and COSY spectra were obtained using a Bruker Avance 400 MHz NMR spectrometer in CDCl 3 .
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TG)
DSC and TG experiments were carried out with a TA Instruments SDT Q600 V20.9 and Universal Analysis 2000 software (version 4.5A). A standard calibration process for the TG-DSC experiments was carried out with an empty pan, zinc (T fusion : 419.5°C) and sapphire standards to correct the baseline, temperature and heat flow, respectively. Accurately weighed samples in crimped aluminium pans were thermally scanned from 30°C to 900°C, heating at a rate of 10.0°C min -1 . A dry nitrogen purge was maintained at 10 mL min -1 . The experiment was repeated by purging air at 10, 15, 20, 25 mL min -1 to examine aerial oxidation with respect to temperature. Before testing, the instrument calibration was checked using a sample of calcium oxalate monohydrate according to ASTM norms.
IR (ATR) Spectroscopy and Mass Spectrometry
The Fourier transformed infrared spectra were recorded via attenuated total reflectance (ATR) using a Perkin Elmer Universal spectrometer. A Waters Micromass LCT Premier TOF-MS was used to attain the mass spectrum.
Results and Discussion
Single Crystal Structure Analysis and Hirshfeld Surface Analysis
The single crystal X-ray study of lumefantrine was carried out using crystals grown in a mixture of solvents. The crystal data are summarized in Table 1 .
The Olex view of the lumefantrine molecule, presented in Fig. 1A , indicates that the fluorene rings are in the same plane and a little tilted on both ends. In Fig. 1B , the asymmetric unit of lumefantrine shows inter-as well as intramolecular C-H…Cl interactions, also molecular intra hydrogen bonding O-H…N interaction and C-H…O weak interactions. Due to the alternate C-H…Cl interactions, the molecules expand the lattice through the b as well as c axes, in the a-axis it makes chains, whilst in the b-axis it makes networks. There are in total 18 π…π interactions, which cause a zigzag ladder-like structure in the c-axis. The hydrogen bonding and weak interactions of lumefantrine are listed in Table 2 .
Hirshfeld surfaces, examining fingerprint plots, were created by CrystalExplorer 2.1 software which can recognize the types and regions of the intermolecular interactions, and the proportion of this interaction. The molecular Hirshfeld surface in the crystal structure is accumulated from the electron distribution. Hirshfeld surfaces of the compound have been mapped over d norm and electrostatic potential ( 
where r i vdw and r e vdw are the van der Waals (vdw) radii of the atoms.
The result obtained from the Hirshfeld surface of lumefantrine is shown in Fig. 3 . The inter-and intramolecular H … O/O … H interactions between C-H and the hydroxyl group oxygen with a 2.6% proportion appear as short spikes in the 2D fingerprint plot. The 2.8% C … Cl contribution between carbon and chlorine appears as a scissor wing in the centre. C-H…π interactions are present because the two-dimensional fingerprint plot shows two pairs of typical 'wings' at the top left and bottom right.
The wings at the bottom right (d e > d i ) correspond to the surface around the acceptor, whereas those at the top left (d i < d e ) are due to points on the surface around the C-H donor. Herein, for all C-H…C interactions, C-H…π appear in the fingerprint plot as a characteristic style of C … C bond contacts, comprising 3.3%. C…H/H … C contacts make up 20.0% of the total Hirshfeld surface area. The inter-and intramolecular C-H … Cl interactions between C-H and chlorine, with a 25.9% proportion, is seen as short spikes in the 2D fingerprint plot.
Powder X-ray Diffraction
The powder X-ray diffraction pattern of lumefantrine is shown in Fig. 4 . The compound shows a wide range of reflections ranging from 2θ = 10°-50°. The compound shows a pattern that corresponds to a single crystalline phase. The peaks are sharp, which shows the crystalline nature of the molecule. The powder X-ray pattern matches the single crystal powder patterns. The resultant lattice parameters are summarized in Table 3 .
NMR Spectroscopy
Examination of the 1 H-NMR spectrum of lumefantrine ( Fig. 5 ) confirmed the presence of the hydroxyl group at 4.51 ppm as a singlet, which corresponds to one proton. The H21 proton appears as a dd at 5.35, which corresponds to one proton. The four N-CH 2 protons appear at 2.47-2.72 ppm as a multiplet. The CH 2 protons of carbons 25, 28 and 26, 29 give signals between 1.33-1.40 and 1.45-1.51 ppm, respectively. Each signal is seen as a multiplet and corresponds to four protons. The CH 3 protons appear at 0.96 as a triplet corresponding to six protons. 13 (2) 119.07 (7) C-Cl…Cg a Symmetry transformations used to generate equivalent atoms: 1-X,1/2+Y,-Z; b 1-X,1/2+Y,-Z. are given in Table 4 . Thus protons H16, 17, 19, 20 are seen at 7.43-7.47 ppm as multiplets as correlated by COSY, whilst the aromatic protons H16 and 20 correlates to H14 via NOE. A relationship was seen between H6, H12 and H21. Further correlations were found between the dibutylamine ring protons H12 and the N-methyl protons H22.
Thermal Analysis
The thermogravimetric (TG) analyses plots of the lumefantrine powder, that were obtained under air with different heating rates can be seen in Fig. 8 . Table 5 shows the TG results for the decomposition of lumefantrine, and includes decomposition temperatures, mass loss, and peak temperatures of the DSC and TG analyses.
Lumefantrine did not show loss of water content up to 132°C (its melting temperature) in the TG traces in Fig. 6 . It is confirmed that its decomposition does not occur directly after its melting. One can easily observe in the inert environment, decomposition after the melting point in a first step, giving a 16.1% mass loss, followed by a 16.9% loss. The third step loss of 23.7% leaves behind 29.1% mass. In the case of decomposition in air, the first step gives a 42.1% loss, followed by a 51.0% loss, leaving behind only 6.4%.
The thermogravimetric analyses results are expressed as a function of conversion α, which is defined in Equation 2. 13 The mass loss phenomenon is closely related to the nature of the compound (Fig. 7) , because thermal decomposition is directly related to the stability of the compound. where M is the actual mass of sample; M 0 is the initial mass of sample and M ∞ is the final mass of the sample.
The TG curves show a two-step decomposition pattern. As the heating rate increased, the onset temperature of the DTG curves and the peak temperature increased. These temperature shifts may be due to heat transfer. This might be due to rapid pyrolysis, which requires very high rates of heating and short residence times of reactant and products. The activation energies for thermal degradation were determined according to the Flynn and Wall and Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) methods. [14] [15] [16] [17] [18] [19] The rate of degradation of sample, dα/dt, depends on the mass RESEARCH ARTICLE P.B. Pansuriya, G.E.M. Maguire and H.B. Friedrich, 257 S. Afr. J. Chem., 2019, 72, 253-262, <https://journals.co.za/content/journal/chem/>. of sample and temperature. This is expressed as shown in Equation 3:
where k is the rate constant and ƒ(α) is the conversion functional relationship, and ƒ(α) is the proportional to the decomposition of non-degraded or un-reacted material. The temperature dependence of the rate constant k may be described by the Arrhenius expression (Equation 4):
Combining equations (3) and (4) gives the overall rate of loss of reactive materials as:
The Flynn and Wall and Ozawa (FWO) method determines activation energy from the temperature versus mass loss data obtained at different heating rates, Equation 6:
where β is the heating rate.
Should the degradation process mechanism be independent of the heating rate, then at constant α, g(α) is constant. Then the activation energy (E a ) is obtained from the slope of the linear equation, by plotting ln β against 1000/T at a particular conversion. Fig. 8 shows the FWO plot of degradation of lumefantrine.
The Kissinger-Akahira-Sunose (KAS) method is an isoconversion method and the activation energy can be calculated via 
The activation energies determined via the FWO and KAS methods are given in Table 6 . The results for stage 1 decomposition are fairly compatible with each other, whilst those for stage 2 are less so. Both the methods are isoconversion methods by integral equations and show the same trends. The activation energy values from the KAS method are somewhat lower than the values from the FWO method. This may be because the KAS method is more valid for conversion-α value 20 ≤ α ≤ 50, which is only applicable for the step 1 degradation here.
The DSC curves under nitrogen as well as in air for lumefantrine are shown in Fig. 10 . Small peaks represent endo(49.1°C)endo(132.2°C)-exo(196.5°C)-endo(257.6°C) events under nitrogen, whilst the exo(51.6°C)-endo(134.7°C)-exo (293.5°C)endo(459.2°C) in air is quite different and is associated with the crystallinity of the compound. The DSC trace endo peak (459.2°C), followed by an exo peak (522.4°C) of the lumefantrine confirmed the complete decomposition process in air. Since the exo peak at 522.4°C in air shows a high temperature degradation pattern that is different than what occurred under nitrogen; we can assume reactive species in the latter case may react with oxygen from air. These calorimetric results support the PXRD data confirming that lumefantrine is crystalline. Figure 11a shows the DSC curves of lumefantrine and the corresponding DSC data are tabulated in Table 5 . Fig. 11a shows that the peak associated with thermal decomposition moves up with increasing heating rate. The DSC curves in Fig. 11b show endo-exo-endo behaviour in the approximate temperature range of 250-450 °C between the two forms. This is because lumefantrine undergoes the first degradation step with multiple polymorphic forms, which have different melting points. These could undergo reversible solid to solid transitions. Should the temperature reach the crystalline trans- formation temperature under linear heating conditions, the one polymorph could be transformed to another polymorph. This polymorph transformation process produces exothermic/endothermic effects. The activation energy variation also supports the results obtained from DSC. There is a solid to solid transition in the stage 1 decomposition adduct which has lower activation energy lower than that of observed in the stage 2 decomposition. The activation energy values for α: 0.7, 0.8, and 0.9 vary, and from the DSC data it is seen that there are transformations of polymorphs in the decomposition process.
The exothermic peak due to crystalline transformation is very weak and easily masked by the endothermic peak due to melting at a rapid heating rate. Hence, there is only one clear endo- thermic peak in the curve at 10°C min -1 . A small shoulder precedes the second step decomposition endothermic on the 15-25°C min -1 curve, while there is no shoulder peak on the 10°C min -1 curve, probably due to the thermal decomposition mechanism and heating rate.
IR Spectroscopy (ATR) and Mass Spectrometry
In the FTIR spectra, characteristic bands are seen at 3392. Thus, the IR spectrum of pure lumefantrine showed characteristic sharp peaks of alkane stretching/bending (-CH 3 , -CH 2 and -CH) vibrations at~1365.3,~1485.6,~2870.0 and~2927.0 cm -1 . It also exhibited a C-O stretch at~1172.7 cm -1 and a peak due to saturated hydroxyl O-H bending at~3392.2 cm -1 . A selective stretching vibration at~1155.6 cm -1 for the tertiary amine was also observed. Most of the peaks observed in the spectral region 769-872 cm -1 , 559-696 cm -1 , and 839-1013 cm -1 are due to bending of C-H, as well as -CH 2 and -CH deformation.
The mass spectrum of lumefantrine ( Fig. 12) shows prominent m/z peaks of M-1: 527.15, M: 528.16, M+2:530.16 and M+4: 532.15 amu. The obtained mass spectrum is well matched with the calculated one (inset) and the profile shows the chlorine isotopes.
Conclusion
The structure of lumefantrine has been determined in solution and solid state using SCXRD, PXRD, NMR, DSC, TG and IR. The single crystal structure helped to understand the molecular interactions. PXRD patterns show that the drug has a single crystalline phase. The Hirshfeld surface analysis has helped to understand the contribution of intermolecular interactions on the surface of the molecular crystal. Thus using the SCXRD result, the maximum surface area of the molecule is occupied by C-H…Cl interactions. The thermal studies of the compound helped to confirm the melting process and thermal stability. Hence, TG shows a stepwise degradation process. It is concluded that aereal oxidative degradation of the drug may be low up to 325°C, but at high temperature it decomposes rapidly. The results reported here may be useful for the development and modification of synthetic processes, new formulations and the further study of physicochemical properties of lumefantrine.
